INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 18 (2006) S1007-S1020 doi:10.1088/0953-8984/18/25/S08

Deformation experiments in the diamond-anvil cell:
texture in copper to 30 GPa

S Speziale, I Lonardelli, L. Miyagi, J Pehl, C E Tommaseo and H-R Wenk
Department of Earth and Planetary Science, University of California, Berkeley, CA 94720, USA

E-mail: speziale@uclink.berkeley.edu

Received 2 December 2005, in final form 3 March 2006
Published 8 June 2006
Online at stacks.iop.org/JPhysCM/18/S1007

Abstract

The combination of the diamond-anvil cell, synchrotron x-ray diffraction in
radial geometry and simultaneous Rietveld refinement with texture analysis
allows us to quantitatively investigate the plastic deformation behaviour of
materials at very high pressures. Our study of copper to 30 GPa shows in
ideal experimental geometry a [110] fibre texture component, as is typical for
axial compression of soft face centred cubic metals. Locally a plane strain
texture develops which is energetically favoured (curling). A transition from
compressional to plane strain/pure shear texture can be monitored by analysing
individual images taken at different positions in the diamond cell.

1. Introduction

The diamond-anvil cell (DAC) and synchrotron x-ray diffraction allow the study of mechanical
properties of materials at extremely high pressures [1, 2]. Radial x-ray diffraction at high
pressure [3—6] has been developed to investigate the elasticity and strength of solids at extreme
conditions. Recent developments of gasket technology [7, 8] combined with angle-dispersive
experimental geometry [6] make it possible to study the deformation of minerals, up to
pressures comparable to the lower mantle [9]. The geophysical materials of interest for
understanding the rheology of the deep interior of the Earth are mainly silicate oxides which
are often thermodynamically unstable at ambient conditions, so their physical properties can
only be studied at high pressures in side the diamond-anvil cell where they are synthesized.

In order to investigate the strain geometry in the diamond cell, we have performed
experiments on copper, a reference material both in high-pressure solid state physics and
in materials science, for which numerous results are available from both static compression
(e.g. [10, 11]) and dynamic compression experiments (see [12] for a review) in a wide range of
pressure and temperature conditions. Metallurgists have established texture development and
deformation mechanisms in face centred cubic (fcc) metals (e.g. [13] and references within).
The deformation behaviour of copper at moderate to high stress levels has long been studied
and modelled under low confining pressure (e.g. [14]). In addition, the equation of state of
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Table 1. Conditions attained in the different experimental runs.

Experiment Initial sample diameter (xm) Max. pressure (GPa) Final sample geometry
Copper-1 80 30+2 Contained in the chamber
Copper-2 80 27+2 Contained in the chamber
Copper-3 80 2442 Contained in the chamber
Copper-4 80 21+2 Extruded (normal to x-ray)
Copper-5 80 8-29 Extruded (parallel to x-ray)

this metal, based on a large number of experimental data collected with different techniques, is
known with high accuracy across a very large pressure—temperature range [11, 15]. These
characteristics make copper a good material to test the accuracy of the data analysis and
reproducibility of the high-pressure deformation technique of DAC radial x-ray diffraction
experiments. The reproducibility and accuracy of texture determination is tested in this study
by performing multiple experiments in the same pressure range. Tests of texture homogeneity
are also performed in the different experiments, by collecting x-ray diffraction spectra from
different regions of the sample. This investigation was originally motivated by the observation
of strange texture patterns for gold, used as the pressure calibrant in previous experiments with
oxides and silicates [9].

2. Materials and methods

High-purity copper powder (99.9% purity, from Alfa Aesar) of average 3—5 um grain-size was
pressed to form a 10 wm thick foil. Fragments of the foil were loaded in 90 um wide sample
chambers drilled in composite gaskets made of a boron—epoxy central disc of 400 um diameter
and 60 pm thickness, surrounded by a Kapton® (DuPont) confining ring 120 xm thick [8]. The
initial size of the coherently scattering crystalline domains was estimated to be about 0.3 um
at the beginning of the experiments by Rietveld analysis of x-ray diffraction images of copper
at ambient conditions.

The samples were compressed between diamond culets of 300 «m diameter. A fragment
of gold foil (15-20 um diameter, 5-10 pum thickness) was loaded together with copper and
used as position marker and pressure calibrant in each experiment. The gold foil was prepared
by pressing gold powder from Alfa Aesar (99.95% pure) of average 5 um grain-size. The
fragment of gold was carefully positioned within 5—10 pum from the centre of both the sample
and the diamond culet face.

All the x-ray diffraction experiments were performed in radial geometry using
monochromatic synchrotron radiation and image plate detectors. The compression direction,
corresponding to the axis of the diamond anvils, was horizontal in all the experiments, i.e. the
sample radial direction was the vertical direction.

Experiments 1 to 3 (Copper-1 to Copper-3; see table 1) were performed at beamline
13BM-D of the GeoSoilEnviro-Consortium for Advanced Radiation Sources (GSECARS) at
the Advanced Photon Source (APS) of Argonne National Laboratory (Argonne, IL) using
monochromatic x-rays with a wavelength of 0.30991 A, focused to a 18 wm (vertical) x
7 um (horizontal) spot size, and a Mar345 image plate detector. The sample to detector distance
was fixed at 426 mm. In these experiments the samples were compressed in a standard piston—
cylinder diamond anvil cell [5] with 29° lateral opening.

Experiment 4 (Copper-4) was performed at beamline 16ID-B of the High Pressure
Collaborative Access Team (HPCAT) at the APS, using monochromatic x-rays with a
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wavelength of 0.4325 A, focused to a size of 10 um x 10 um, and a Mar345 image plate
detector. The sample to detector distance was fixed at 348 mm. The sample was compressed in
a panoramic piston—cylinder diamond-anvil cell [16] with 68° lateral opening.

Experiment 5 (Copper-5) was performed at the new high-pressure beamline 12.2.2 of the
Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory (Berkeley, CA) [17].
We used monochromatic radiation with a wavelength of 0.4959 A, focused to a size of less
than 20 um x 20 um, and a Mar345 image plate detector. The sample to detector distance
was 414 mm. In this experiment we used a panoramic piston—cylinder diamond-anvil cell as
in experiment 4. The names of the experimental runs, the initial sample geometry and the
maximum pressure achieved in the experiments are reported in table 1.

3. Data analysis

The x-ray diffraction images collected in radial geometry were analysed first by using the
software Fit2d [18]. The sample to detector distance and the direct beam position were
refined from a diffraction image of a standard material at ambient conditions (CeO, for both
the experiments performed at beamlines 13BM-D and 16ID-B at the APS, and LaBg for the
experiments conducted at beamline 12.2.2 of the ALS). Then, the 2D images were divided into
circular sectors of 5° width and subsequently the sectors were integrated to obtain sequences
of one-dimensional spectra. Due to the limited width of the lateral opening in the symmetric
DAC:s used in the experiments Copper-1, 2, and 3, the sequences consisted of 33—36 individual
1D spectra extended to the 220 reflection (d-spacing range: 2.5-1.3 A) with the addition of
24-28 spectra extended to the 311 reflection (d-spacing range: 2.5-1.02 A). In the case of
the experiments Copper-4 and 5, we used 72 spectra extended to the 222 reflection (d-spacing
range: 2.5-1.02 A).

For each image the sequence of 1D spectra was simultaneously analysed to extract both
structural and textural information by using the software MAUD [19] that carries out both
whole spectrum structural refinement [20] and texture analysis with the E-WIMF algorithm
[21] extracting a model of the orientation distribution (OD). The resolution of the OD was fixed
at 15° and the tube projection diameter was 30°. Details of the data processing and analysis
are reported in [22]. We performed structural and texture analysis on single x-ray diffraction
images, which can be sufficient to furnish complete textural information [23]. One example of
an x-ray diffraction image and Rietveld fit result is shown in figure 1. The quality of the spectra
fitting is well represented in the form of 2D maps of the calculated and observed intensities,
obtained by stacking the sequence of spectra integrated across the azimuthal angle (figure 2(a)).
Quantitative textural information is displayed by equiareal pole figure (figure 2(b)) calculated
from the OD and oriented with the compression direction corresponding to the centre of the
pole figures. In addition to the pole figures, inverse pole figures of the compression direction
(i.e. projections of the compression direction referred to the crystal reference frame) are
calculated in the case of experiments in which the ideal experimental geometry was preserved
up to the highest pressure (experiments Copper-1, 2, and 3).

The experimental pressure, defined as the hydrostatic part of the macrostress applied to
the sample, was estimated by applying a triaxial stress model to the diffraction data of gold
and copper assuming that both the sample and the gold marker behave as effective elastically
isotropic media. To convert the measured elastic strain of gold into stress we used the
parameters of the isothermal equation of state from [24] and the shear modulus from [25].
Whenever a gold signal was not detected we estimated the pressure from the data for copper,
using the parameters of the equation of state from [15] and the shear modulus from [26]. In the
case of both gold and copper, the high-pressure elastic moduli were calculated using third-order
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Figure 1. (a) Example of 2D x-ray diffraction image from experiment Copper-4. (b) Results of
Rietveld refinement in the form of a calculated 1D diffraction spectrum (line) plot together with
the observed spectrum (dots). Fitted residuals are reported at the bottom of the spectrum. In this
experiment a signal from copper powder outside the sample chamber (at ambient pressure) was also
detected.
Table 2. Examples of quantitative whole spectrum texture analysis of experiments 1, 2, and 3.
Pressure (Cu) Pressure (Au) Deviatoric Min-max texture Texture
Experiment (GPa) (GPa) stress (GPa) intensity® (mrd) index (F»)®
Copper-1 24+2 24+2 0.2 0.5-2.0 1.6
Copper-2 16+2 16+2 0.2 0.5-2.0 1.8
Copper-3 24+2 21+2 0.3 0.6-2.6 3.7

% Minimum and maximum texture intensity expressed as pole density.
b Defined as the volume averaged integral of squared orientation density across the orientation distribution function

[38].

Eulerian finite strain equations (e.g. [27]). The results for gold are in excellent agreement with
those for copper in all the measurements in which a gold signal was detected (table 2).

A more restrictive set of assumptions [28] including perfect cylindrical symmetry of the
applied stress (033 > 07; = 023, Where o;; are the principal components of the applied stress
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Figure 2. (a) Results of Rietveld texture refinement represented as a map plot of the calculated
1D spectra compared with the observed spectra. (b) Experimental data coverage (on the right) and
calculated (111), (100) and (110) pole figures calculated from the OD (equal area projection). The
compression direction is normal to the pole figures. The map plot and pole figures refer to the data
of the 2D diffraction image in figure 1.

tensor) could be applied only to data collected from the centre of the sample when the applied
stress has ideal axial symmetry, such as in our measurements taken at the centre of the sample
in the experiments Copper-1, Copper-2 and Copper-3. We apply both the simple triaxial stress
and the more restrictive cylindrically symmetric stress model to all the measurements from
Copper-1, Copper-2, Copper-3, and Copper-4 presented in this study. In absence of a better
model of the actual stress—strain conditions, we observe that the differences between the two
methods are of the order of 0.1-1 GPa, which is systematically smaller than the average 1—
2 GPa effective deviatoric stress inferred from the lattice strain variation (maximum deviation
of d-spacing for the diffracting lattice planes) measured in each diffraction image from Copper-
1, 2, 3 and Copper-4. For this reason we consider that 2 GPa represents a reasonable estimate
of the uncertainty of the pressure determination in all the experimental results from Copper-1
to Copper-4 reported in this study.

In the case of Copper-5, the large peak broadening indicates a large pressure gradient in
the sample. Accurate modelling of the stress conditions in the sample chamber is required to
interpret the variation in elastic strain observed in the sample. A summary of the conditions
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attained in the different experiments and of the final geometry of the samples is reported in
table 1.

4. Texture results and discussion

4.1. Experiments in ideal compression geometry

The experiments Copper-1, 2, and 3 covered a wide pressure range up to a maximum of
30 GPa (Copper-1). The experimental geometry, monitored by x-ray transmission scans and
by optical microscopy observation, was ideal throughout the whole experiment in each of the
three experiments. The three experiments were performed with symmetric diamond-anvil cells
that have limited lateral conical apertures (29°) for radial x-ray diffraction. In order to increase
the maximum accessible 26 we rotated the cell 5° around an axis perpendicular to the axis
of the conical apertures. As a consequence only the 111 Debye diffraction ring is completely
recorded in experiments 1, 2 and 3 and only a portion of the 200, 220 and 311 diffraction
rings are measured. The limited data coverage may limit our ability to reconstruct the OD
from our experimental results. The results of the texture analysis of the central portion of
the three samples (Copper-1, 2, and 3) at the pressures of 24 + 2 GPa, 16 £ 2 GPa, and
24 £ 2 GPa, respectively, are summarized in table 2 and displayed in figure 3 in the form
of both experimental data coverage, (111), (100), and (110) pole figures calculated from the
OD without imposing any sample symmetry, and inverse pole figures of the compression
direction.

In all three cases the (110) poles tend to align parallel to the compression direction
(figure 3), in agreement with the existing data for copper compressed at ambient temperature
and subject to large strain. However, the inverse pole figures of the compression direction
show that the [110] maximum systematically broadens towards [001] (figure 3). Some
features of the pole figures, such as the inhomogeneous intensity of the high pole density
girdle in the (111) pole figure (e.g. figure 3(c)), are more compatible with a rolling texture
(e.g. [13] and references within). In fact, copper grains in the sample chamber are mainly
aligned with [110] fibre components, but the deformation style locally departs from the
ideal homogeneous axisymmetric compression towards plane strain because of the anisotropic
mechanical properties of the fcc structure. Planes orthogonal to (110) do not allow the
development of axially symmetric shape around (110) by means of {111} slip, which is the
principal active system in copper. Compatibility across grain boundaries (physical continuity
of the deformed material) causes ‘curling’, i.e. local adjustments of the grains’ shape and
orientation, and has long been known by metallurgists [29]. The resulting overall texture
appears to be axially symmetric as a result of a ‘rotational average’ of the textures of different
groups of crystals which locally deform in plane strain pure shear.

In addition to the standard measurements of radial x-ray diffraction from the central
region of the samples we have also performed radial scans of the samples to investigate the
homogeneity of texturing in the sample chamber. The results that we obtain from Copper-1,
2 and 3 at different pressures are in mutual agreement. As an example the texture along
sample 1 at a pressure of 24 + 2 GPa is shown in figure 4 as a sequence of (111), (200),
(220) experimental pole figures and the corresponding (111), (100) and (110) recalculated pole
figures extracted from data collected at different positions (r) across the radial extension of the
sample. Numerical results of the texture analysis are summarized in table 3. Moving from
the centre to the periphery of the sample, we notice a continuous change of the pattern of
preferred orientation from apparently axially symmetric at the sample centre (r = 0) to plane
strain texture at the edge of the sample (r = 60 wm). Local departure from axisymmetric
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Figure 3. Pole figures of the (111), (100), and (110) crystallographic planes calculated from the
OD, experimental pole figures, and inverse pole figure of the compression direction. (a) Copper-1
at 24 £ 2 GPa; (b) Copper-2 at 16 £ 2 GPa; (c) Copper-3 at 24 + 2 GPa. All the pole figures are
plotted in equal area projection.

compression texture is again attributed to ‘curling’. The complicated pattern of textures
observed for copper, a soft fcc metal, which supports a very small (<0.5 GPa) deviatoric stress
throughout all the experiments (see table 2), can be relevant for the interpretation of occasional
unusual deformation textures observed in gold, when used as a pressure and position marker in
DAC deformation experiments conducted on much stronger silicates and oxides [9].

In addition, we should consider that by scanning the sample across its radial extension with
an x-ray beam of finite width smaller than the sample diameter, at each step we probe volumes
representing different weighted averages of the radial distance (r) and azimuthal orientation
(w). In particular, at the edge of the sample (large r) the probed volume presents a strong
preference for orientations perpendicular to the x-ray beam (figure 5). This suggests that even
in the case of ideal axially symmetric textures, probing the periphery of the sample could
enhance, by geometry, the textural component corresponding to strain in the radial direction
perpendicular to the x-ray beam.
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Figure 4. Copper-1 at 24 = 2 GPa. (a) Image of the sample through the diamond anvil.
(b) Experimental data coverage as a stereoplot of the position of the individual 1D spectra (data
files) extracted from the 2D diffraction image (equal area projection). (c) (111), (100) and (110) pole
figures at selected sample positions at radial distance, r, from the centre of the sample: (1) r = 0;
(2) r =20 um; (3) r = 40 pum; (4) r = 60 um. Both in the data coverage and the pole figures the
compression direction is normal to the figure.

4.2. Experiments in non-ideal stress geometry

In experiments Copper-4 and 5 images contain complete 111, 200, and 220 diffraction rings
(figures 2, 6). In both experiments copper is subject to substantial extrusion of the sample in
the radial direction. The main difference between the two datasets is caused by the geometry of
the sample flow with respect to the x-ray beam direction. In experiment Copper-4 the sample
extrudes in a direction close to perpendicular to the x-ray beam, while in Copper-5 the extrusion
is in the same direction as the x-ray beam (see figure 7). The experimental geometry for radial
diffraction enhances the presence of stress gradients along the x-ray path, because the x-ray
beam crosses the whole sample radial extension when the central region of the sample is probed
(figure 5).
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Table 3. Elastic strain and texture index across a radial scan of Copper-1 at 24 + 2 GPa and
Copper-4 at 21 + 2 GPa.

Position (r)*  Elastic strain ~ Average pressure ~ Min—-max texture  Texture

(um) v/ Vo)b (GPa) intensity (mrd) index (F>)
Copper-1

0 0.879 24+2 0.5-1.7 1.4
20 0.873 26+ 2 0.6-1.7 1.6
40 0.868 28+2 0.4-1.9 2.1
60 0.865 29+2 0.3-2.0 24
Copper-4

0 0.890 21+2 0.4-2.1 1.9
20 0.901 19+2 0.4-2.1 2.3
40 0.909 17+2 0.4-2.5 2.3
60 0.915 15+2 0.3-2.7 3.7
90 0.925 13+2 0.1-2.6 3.8

2 r is equal to the distance from the centre of the sample.
by =47.2299 A7 [11].

Table 4. Elastic strain and texture index of different volumetric component of Copper-5.

Elastic strain ~ Average pressure ~ Min—-max texture — Texture

Component  (V/Vp) (GPa) intensity (mrd) index (F>)
1 0.951 8+5 0.6-2.1 1.5
2 0.891 215 0.6-1.7 1.8
3 0.865 2945 0.3-24 32

In experiment Copper-4 the pole figures calculated from the OD show a lack of axial
symmetry at the nominal pressure of 21 4+ 2 GPa. The pattern of preferred orientation,
represented by the (111), (100) and (110) calculated pole figures (figure 7), does not show any
significant variation throughout the sample radial extension (from » = 0 to 90 um) except for a
rotation, quantified in 25° & 5°, of the shear direction at 90 um distance from the centre of the
sample (cf figure 7(c)). The results of the texture analysis are reported in table 3. The features
of the texture developed in this experiment (figure 7) are very similar to typical rolling textures
[13]. Optical observation of the sample assemblage shows extensive plane shearing and sample
extrusion outside the original sample chamber and it also confirms the orientation of sample
flow as determined by radial x-ray diffraction analysis (figure 7). This is clear evidence that
radial diffraction and texture analysis in the diamond-anvil cell can characterize the deformation
of the sample and allow us to put constraints on the details in the geometry of the deformation.

In the case of experiment Copper-5, the diffraction data show a large peak broadening,
which suggests a strong pressure gradient in the scattering volume, due to the extrusion of
the sample in the direction of the x-ray beam (figure 6). The broad x-ray diffraction features
are largely asymmetric in shape and they present heterogeneous intensity patterns (figure 6)
suggesting that distinct volumetric components of the sample are subject to largely different
strains and develop different textures. Based on the features of the broad x-ray peaks, we have
arbitrarily selected three high-pressure components (table 4) in the analysis of the data. The
quality of the fit is visibly worse than in the other experiments, and our texture determination
is only semi-quantitative. The texture developed by the different parts of the sample is not
axisymmetric. It is possible to notice a substantial change in the general features of the
preferred orientation moving from low strain to high elastic strain regions (identified by the
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Figure 5. (a) Schematic representation of a transverse section of the sample chamber (diameter =
80 pm). The thin lines represent radial flow lines of a homogeneously axially compressed sample.
Each infinitesimal sample element is represented by polar coordinates r («m) and @ (degree). The
x-ray beam of finite horizontal width (20 pm; dashed vertical lines) probes only a portion of the
sample. (b) Spectrum of the radial distances and azimuthal orientations expressed as a percentage
fraction of the scattering sample volume: (A) case of x-ray beam at r = 0; (B) case of x-ray beam
at r = 30 pum; (C) case of x-ray beam at r = 50 um; (D) case of x-ray beam at r = 70 um. The
azimuthal orientations are collapsed to the range 0 < @ < 90° because of symmetry. Notice that at
large r (edge of the sample) the x-ray probes a very limited range of azimuthal (flow) directions.

large variation of d-spacing for each diffraction line). The combination of the information from
the raw data (x-ray diffraction image), and the textural analysis serves as a useful diagnostic of
non-ideal sample configuration with flow along the x-ray direction, as confirmed by optical
examination of the sample after compression. A quantitative analysis of data collected in
the presence of large strain gradients would require a fine experimental characterization and
a reliable model of stress/strain distribution in the sample chamber [30-34], which depends
not only on geometrical constraints but also on material properties of both the sample and the
sample container (both diamond and gasket).

5. Conclusions

Radial x-ray diffraction in the diamond-anvil cell with simultaneous Rietveld refinement and
textural analysis represent a viable and promising method to quantitatively analyse plastic
deformation of crystalline solids up to pressures comparable to the deep interior of terrestrial
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Figure 6. Experimental results for Copper-5. (a) 2D x-ray diffraction image. (b) Image of the
sample at the end of the experiment. (c) Map plot of calculated and observed 1D spectral intensities.
(d) Representative calculated (line) and observed (dots) 1D spectra in compression and extension
directions. Notice the large misfit as shown by the residuals (at the bottom of the plots). In this
experiment a signal from copper powder outside the sample chamber (at ambient pressure) was also
detected.

planets. Repeated measurements of copper up to 30 GPa at ambient temperature demonstrate
the reproducibility of the textural results when the experimental geometry is ideal. The
results show a general axisymmetric (110) compression texture comparable with conventional
deformation experiments. In the case of non-ideal experimental geometry, both the raw
experimental data (images) and the results of the data inversion (pole figures) allow us to
quantitatively identify deviations from axial compression geometry. The study of highly
ductile copper has revealed considerable heterogeneities in strain inside the diamond-anvil
cell. Analogous studies with much harder oxides [35] and silicates [36, 37] indicated fairly
homogeneous textures with small strain gradients and approximately axial symmetry. This
indicates that caution is required for DAC deformation experiments of soft metals. As a general
rule examination of the sample geometry and its evolution during and after compression, by
optical observation as well as x-ray transmission profiles (e.g. [8]), furnishes an invaluable
diagnostic tool that should always accompany the data analysis in radial DAC experiments.
The overall picture emerging from these new results for copper can help to better interpret some
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Figure 7. Copper-4 at 21 + 2 GPa. (a) Image of the sample through the diamond anvil. (b)
Experimental data coverage. (c) (111), (100) and (110) pole figures at selected radial distances,
r, from the centre of the sample: (1) r = 0; (2) r = 20 um; (3) r = 40 um; (4) r = 60 pum;
(5) r =90 um. Both in the data coverage and the pole figures the compression direction is normal
to the figure.

anomalous texture features observed in gold when used as a marker in other DAC deformation
experiments.
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